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Abstract 
The present study focuses on the kinetics of the boron-oxygen defect activation in solar cells fabricated from two 
Czochralski silicon ingots having different compositional properties (particularly various carbon and germanium 
contents). We show first that the difference between the experimental and the expected time constants associated with 
the degradation of  the cells performances under illumination due to the boron-oxygen activation is higher in the last 
solidified part of the ingots. Secondly at such locations a pronounced slowing down of the long-term kinetics is 
observed. Possible explanations are proposed and discussed among which the segregation of some impurities which 
could interact with oxygen or oxygen dimers. Particularly a clear correlation is highlighted between the carbon 
content and the amplitude of this slowing down. Eventually this work shows that the experimental conditions 
generally used for evaluating the amplitude of the light-induced degradation effects have to be reconsidered. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013 
conference 
 
Keywords: Silicon; boron-oxygen complexes; kinetics; germanium; carbon  
1. Introduction 
Light-induced degradation (LID) of the carrier lifetime in p-type Czochralski (Cz) silicon (Si) doped 
with boron (B) has been studied for many years [1]. This harmful phenomenon is due to the activation of 
boron-oxygen (B-O) defects under free carrier injection. LID is an important drawback for B-doped solar 
cells produced with Cz-Si because it can lead to a significant decrease of their efficiency. To determine 
the impact of LID on the solar cell performances, the time scale needed to activate all the B-O defects 
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(end of the degradation) has to be known. As a consequence the study of the defect activation kinetics has 
a practical interest, but in parallel it could also bring new and relevant knowledge about the properties of 
B-O defects which are not fully understood (stoichiometry, formation mode). We studied the B-O 
activation kinetics on solar cells fabricated from wafers initially regularly spaced out along the height of 
two Cz-Si ingots having different compositional properties. Correlations were established between the 
experimental B-O activation kinetics and the compositional properties of the studied wafers. 
2. Experimental details 
2.1. Description of the ingots 
p-type wafers from two similar Cz-Si ingots were used. The first one, named Reference ingot, was 
grown from an ultra-pure Si feedstock. The second one, named Ge-doped ingot, was pulled from the same 
feedstock but intentionally doped with germanium (Ge), this element being known for influencing the 
spatial distribution of oxygen (O) atoms [2] and strengthening the mechanical properties of the Si wafers 
[3]. Both ingots were pulled in the same furnace using identical growth conditions. The same amount of B 
was added in the Si melt for both ingots (the B concentration was equal to 1.9×1016 cm-3 in the melt). Ge 
was introduced in the Si feedstock from a Ge powder (5N purity) at a concentration of 1.5×1020 cm-3. The 
B concentrations were deduced from resistivity measurements (four point probes) combined with 
model for mobility calculations [4]. The total concentrations of carbon (C) and Ge were determined by 
SIMS analyses on three samples and then successfully  with effective segregation 
coefficients (keff) equal to 0.06 and 0.5, respectively, in agreement with the Burton-Prim-Slichter (BPS) 
theory [5]. The interstitial O (Oi) densities ([Oi]) were determined by Fourier transformed infrared (FTIR) 
spectroscopy with a calibration coefficient of 3.14×1017 cm-2. The concentrations of B, Ge, Oi and C 
contained in the studied ingots are shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
Fig. 1. Concentrations in the studied ingots of (a) boron, germanium, carbon and (b) interstitial oxygen. 
Then 50×50 mm2 solar cells were fabricated from wafers located at different locations along the height 
of the ingots following an industrial-like process. Both surfaces were texturized by the anisotropic 
chemical attack developed by the KOH solution. The n+ emitter was formed by phosphorus diffusion. 
Then a SiNx:H layer used as antireflection coating was deposited on the front surface by PECVD. The 
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silver front and aluminum rear electrodes were deposited by screen printing before rapid annealing. 
Junction opening was performed by laser cutting. Notice that the process was not fully optimized for the 
geometry of the solar cells studied here (small area and large thickness). To calculate , 
we took into account the removal of the scrap ends and the remainder of Si in the crucible after crystal 
growth. We considered that a relative height of 100% corresponds to the height of the ingot if one 
assumes a total consumption of the liquid Si. The seed end corresponds to a relative height of 0%.  
2.2. Protocol to monitor the B-O activation kinetics 
Cells were first annealed in the dark at 200 °C for 30 min to deactivate every possible B-O defect. 
Then they were placed on a temperature (T) controlled chuck at 50 °C and illuminated by a halogen lamp 
under a monitored intensity, equal to 0.05 W.cm-2. Under illumination, the open-circuit voltage (VOC) was 
measured. T fluctuations (which were below 0.5 °C) were monitored and corrected. When cells are 
degraded, the initial performances are temporarily recovered by 200 °C annealing. Moreover the 
conjugated actions of T and free carrier injection permanently deactivate these recombinant centres. As 
both effects are the common signatures of the B-O defects [6, 7], this ensures that these defects are well 
responsible for the observed degradations. From the measured VOC, a normalized concentration (N*) of 
the illumination-induced defects was computed [6]: 
  
TktqVTktqV BOCBOC eetN )0()(* )(  (1) 
 
VOC(t=0) is the open-circuit voltage measured before the degradation, q is the elementary charge and 
kB is the Boltzmann constant. Then the normalized density of non-activated defects (Nrel) was extracted 
from the equation mentioned in [8]: 
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N*  is the normalized concentration of the illumination-induced defects of a totally degraded solar 
cell. The B-O activation kinetics have already been studied in slightly doped and compensated Cz-Si 
samples in literature. In these cases and at a fixed T, Nrel can be described by a single exponential 
function with a time constant ( literature) inversely proportional to the square of the net doping 
concentration (p0) [6, 9]:  
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A is a constant equal to about 5.3×10-29 cm6/s and Eact is the thermal-activation energy (Eact = 0.475 ± 
0.035 eV) [6, 10]. The Nrel 
. 2. shows the evolution of Nrel under illumination for a cell from the Reference ingot.   
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Fig. 2. Evolution of Nrel under illumination 
correspond to the experimental values and the orange line corresponds to the expected values. 
From the Nrel curves, two experimental time constants ( 1 and 2) are determined (see Fig. 2). 1 and 2 
are obtained when Nrel is equal to 1/e and (1/e)2, respectively. Then we compared these experimental 
constants with the expected values: 1expected and 2expected, equal to literature and 2×  literature, respectively. 
 
A point that should be stressed is that eq. (1) is valid only if the electron diffusion length (Ln) is 
significantly higher than the substrate thickness (W). However we showed from light beam induced 
current (LBIC) measurements done at various infrared wavelengths that this criteria already poorly 
respected before the prolonged illumination (Ln slightly higher than W) was not fulfilled at the end of the 
degradation stage (Ln lower than W). For instance, the extracted Ln (which can be considered as effective 
diffusion length since the extracted parameter is sensitive to carrier recombination at the rear surface) for 
a cell associated with the bottom part of the Reference ingot, was equal to 646 μm before illumination 
and equal to 174 μm at the end of the degradation stage (W was approximately equal to 400 μm). In order 
to quantify the sensitivity of our results to this possibly non-appropriated equation, we performed PC1D 
simulations. We assumed an exponential time-formation of the B-O defects according to eq. (3), so 
that the Ln values at the beginning and at the end of the degradation stage correspond to our 
experimental values. We extracted the computed VOC, and used eqs. (1) and (2) to compute Nrel. We 
compared the Nrel values extracted from the PC1D simulation with the expected Nrel values (simple 
exponential function) and highlighted a small discrepancy. The time ratio at 1/e ( 1/ 1expected) was equal to 
0.73 and the time ratio at 1/e2 ( 2/ 2expected) was equal to 0.78 (in that case 1 and 2 were the time 
constants extracted from the PC1D simulations by using eqs (1) and (2) for transforming the VOC values 
in Nrel values). These ratios are lower than 1. Thus applying eqs (1) and (2) for transforming the VOC 
values in Nrel speed up the observed degradation. However as presented below, 
we observed the inverse trend (see Fig. 3 and Fig.4), which is consequently s
mathematical transformation. Notice that the same PC1D computations were done for the Ge-doped cell 
coming from the same height along the ingot. We obtained a ratio 1/ 1expected equal to 0.66. This is lower 
than the ratio computed for the Reference cell, again in contradiction with our results. As a consequence, 
the potential slight deviation due to the use of eq. (1) cannot explain our experimental observations; on 
the contrary this mathematical transformation tends to mitigate the observed discrepancies, which 
therefore represents lower bounds of the actual discrepancies.    
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We also have to notice that we controlled by PC1D simulations that the electron density (n) was 
always significantly higher than 4×1012 cm-3 during the degradation stage. Indeed, for n higher than this 
threshold value, the B-O activation kinetics are only limited by the hole density, which is not modified by 
illuminating the sample (for the studied illumination level) and not sensitive to the carrier lifetime 
variations. In the literature, the previously cited equations are only valid for n significantly higher than 
4×1012 cm-3 [11].  
3. Results and discussion 
Fig. 3.(a) and Fig. 3.(b) show the ratios between 1 and 1expected for solar cells fabricated from wafers 
from the Reference ingot and the Ge-doped ingot, respectively. Fig. 4. focuses on the ratio 2/ 2expected for 
cells fabricated from wafers initially located at several heights of both ingots. The uncertainties are 
deduced from Nrel values by considering the dispersion of x-axis values for the same Nrel (see Fig. 2.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison of 1 and 1expected for solar cells fabricated from wafers initially located at different positions (a) along the 
Reference ingot and (b) along the Ge-doped ingot. 
 
 
 
Fig. 4. Comparison of 2 and 2expected for solar cells fabricated from wafers initially located at different positions along both ingots. 
 
       
 Florent Tanay et al. /  Energy Procedia  38 ( 2013 )  618 – 625 623
We first notice in Fig. 3. and Fig. 4. that the ratios 1/ 1expected and 2/ 2expected are higher than 1 for  both 
ingots. This experimental result is particularly interesting since it indicates that the B-O activation is 
slower than expected. It can also be noticed that for both studied ingots, the ratios 1/ 1expected and 
2/ 2expected increase when approaching the tail end of the ingots. Moreover the difference between the 
experimental and the expected Nrel values increases during the degradation:  for the same cell, 2/ 2expected 
is higher than 1/ 1expected, indicating a pronounced slowing down of the long-term kinetics for the studied 
cells. This is of paramount importance since the time generally used for evaluating the amplitude of the 
LID effects have to be reconsidered. 
These slowing down effects could be first explained by the difference of thermal profiles seen by the 
wafers coming from the first solidified part of the ingots and those coming from the last solidified part. 
Indeed, the spatial distribution of B, O or point defects such as self-interstitial or vacancies (which are 
very probably involved in the degradation process) could be modified, as finally the LID kinetics [12]. 
However when cells are produced, each sample is subjected to the same high T process which could mask 
the different initial cooling rate (associated with the crystal growth). For instance the phosphorus 
diffusion takes place at 850°C, and at such T the O dimers (O2i), responsible for the LID, should be 
dissociated [13]. As a result even if this mechanism should not be completely ruled out, the influence of 
the thermal cycle could be insufficient to explain the experimental observations presented in Fig. 3 and 
Fig. 4. This is strengthened by the higher 1/ 1expected for the Ge-doped cells compared to the Reference 
cells for the same initial location of the wafer along the ingot, as presented in Fig. 3, since both samples 
underwent similar cooling down profiles at the end of the ingot growth. 
The experimental results could be explained by some impurities with low segregation coefficients (Ge, 
LID kinetics [2, 14]. Indeed Yu et al. showed in Ref. [2] that Ge-doping 
was responsible for slowing down the B-O complexes activation. The authors noticed an increase of Eact 
and a modification of the prefactor A in eq. (3), which were not considered here. However 1/ 1expected 
were also found for cells from the Reference 
ingot which does not contain any Ge atoms.  
As recent studies suggest that C could influence the LID kinetics, and as C is present in higher quantity 
in the Ge-doped ingot (probably initially present in the Ge powder), we studied the dependence of the 
ratios 1/ 1expected and 2/ 2expected on the C concentration ([C]) (Fig. 5).  
 
 
Fig. 5. Ratios of the experimental time constant on the expected time constant plotted versus the carbon concentration. The lines 
are guides to the eye. 
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C-rich Si was presented by Schmidt and Bothe in Ref. [11] as a promising material to produce solar 
cells because of the reduction of the LID due to the presence of C atoms. The authors suggested that the 
B-O complexes formation was inhibited by the formation of Cs-O2i pairs. Fig. 5 shows a complementary 
result: there is a clear correlation between the slowing down of the LID kinetics and the [C]. These 
observations strengthen those presented in Ref. [14] which evidenced the influence of C atoms on the B-
O activation kinetics, even if further studies have to be conducted to ascertain this result. In Ref. [14], the 
authors proposed an explanation based on model involving latent complexes formed during 
ingot cool down by association of interstitial B atoms (Bi) and O2i [12]. The proposed explanation is 
related to the fact that the latent (electrically inactive) Bi-O2i concentration could be reduced in presence 
of C due to interactions between substitutional C atoms (Cs) and O2i (formation of Cs-O2i pairs) [13, 15]. 
Moreover as Cs interact easily with self-interstitials which are needed in  model to kick-out 
substitutional B atoms, it could also contribute to reduce the latent Bi-O2i concentration. The authors 
suggested in Ref. [14] that LID could then proceed in two stages in C-rich samples where first the latent 
complexes become electrically active and then some additional Bi-O2i defects would slowly form under 
illumination, this time via the (hindered) diffusion of the O2i towards the Bi (which is reduced by Cs 
atoms). Our experimental results would be thus consistent with the fact that the higher [C] the lower the 
latent Bi-O2i quantity and the lower the O2i diffusivity.   
4. Conclusion 
We studied the B-O defect activation kinetics for solar cells fabricated from wafers coming from 
several positions along two p-type ingots, a Reference and a Ge-doped ingot. For all the studied cells, the 
degradation kinetics was slower than the kinetics expected from the literature. Furthermore we showed 
that th   close 
to the tail end of both ingots. Moreover the discrepancy was higher in the Ge-doped ingot where [C] was 
higher. This discrepancy also increased during the degradation. Eventually we established a clear 
correlation between the slowing down of the LID kinetics and the [C]. This last result that should be 
strengthened (by LID studies at the wafer level for instance), could be attributed to an incomplete 
formation of the Bi-O2i complexes after the high T steps required to produce the cells, due to possible 
interactions between Cs and O2i (Cs-O2i pairs).   
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